Temperature-sensitive hydrogels based on polymers such as poly(N -isopropylacrylamide) (PNIPAM) undergo a volume phase transition in response to changes in temperature. During this transition, distinct changes in both thermal and mechanical properties are observed. Here we illustrate and exploit the inherent thermodynamic link between thermal and mechanical properties by showing that the compressive elastic modulus of PNIPAM hydrogels can be probed using differential scanning calorimetry. We validate our approach by using conventional osmotic compression tests. Our method could be particularly valuable for determining the mechanical response of thermosensitive submicronsized and/or oddly shaped particles, to which standard methods are not readily applicable.
I. INTRODUCTION
Stimuli-responsive hydrogels respond to changes in their physical and chemical environment. The properties of these materials, including their volume and their mechanical response, can be reversibly controlled by external stimuli such as pH, ionic concentration, temperature or electric fields [1] [2] [3] [4] [5] . Typical examples of this class of materials are hydrogels or microgels made from the polymer poly(N -isopropylacrylamide) (PNIPAM), which exhibits a lower critical solution temperature (LCST) at around 32
• C. Near the LCST, a temperature variation of merely a few degrees can lead to a change in volume by more than an order of magnitude [2] [3] [4] . Such a dramatic response to external stimuli can be exploited in applications including stimuli-responsive surfaces [6] , soft valves [7] , and responsive materials for drug delivery systems [5] . The change in volume is only one manifestation of the alterations in the physical state of the system as the temperature is increased across the LCST; the thermal and mechanical properties of the material also undergo significant changes.
The associated changes in thermal properties have been widely investigated in PNIPAM solutions and networks using differential scanning calorimetry (DSC) [8, 9] . Typically, a pronounced endothermic peak corresponding to the LCST is observed in the heat flow. For PNI- * Electronic address: H.M.Wyss@tue.nl PAM microgels, alterations of the mechanical properties have been investigated using multiple techniques, including conventional mechanical compression tests [10] , osmotic compression measurements [11, 12] , atomic force microscopy [13] , and Capillary Micromechanics [14] [15] [16] . For materials that can be considered elastically homogeneous, Capillary Micromechanics provides experimental access to both the elastic shear modulus G and the compressive elastic modulus K, thus quantifying the full elastic behavior of the material, including the Poisson's ratio ν. Using this technique on PNIPAM microgels, a pronounced dip in the Poisson's ratio was observed around the LCST of these microgels [16] , in agreement with previous measurements on macroscopic PNIPAM hydrogels by Hirotsu [17] , where an even more dramatic dip was observed. This dip is due to a reduction of the compressive modulus K relative to the shear modulus G, which can be rationalized by considering that the large thermal expansion coefficient near the LCST should intuitively go hand in hand with a large compressibility; the argument being that volumetric changes, whether thermally or mechanically induced, are less energetically costly in this temperature range. This example illustrates the inherent connection between the thermal and mechanical behavior of these materials.
Indeed, knowledge of the mechanical properties of responsive materials is often of key importance for gaining a detailed understanding of their behavior. Examples include responsive hydrogels used in targeted drug delivery, responsive surfaces, or responsive valves in microfluidic systems. A detailed understanding of the mechanical behavior of such responsive materials is also highly relevant to the design of materials in the promising field of shapemorphing materials, where mechanical instabilities are exploited to achieve highly controlled, complex shapes based on relatively simple structures [18] .
However, the inherent link between thermal and mechanical properties has not been exploited to extract mechanical properties directly from calorimetric measurements. Such an approach would be especially valuable for sub-micron or oddly shaped temperature-responsive objects such as microgels, and hydrogel particles, and, potentially, for temperature-sensitive biological materials as well. For all of these materials mechanical properties are difficult to measure using traditional techniques.
In this paper, we show that compressive elastic moduli can be probed using DSC measurements, without directly measuring any forces or stresses. To do so, we exploit the inherent thermodynamic link between calorimetric and mechanical material properties of temperature-sensitive hydrogels. We use macroscopic PNIPAM hydrogels as a model material to test our calorimetry-based measurement method. To validate our approach, we compare the results to traditional osmotic compression measurements on the same samples, finding good agreement.
II. MATERIALS AND METHODS
PNIPAM hydrogels are synthesized by mixing 40 mL of Milli-Q water (resistivity> 18 MΩcm) with 5 wt% NIPAM (N-isopropylacrylamide, Sigma Aldrich), 0.25 wt% of the cross-linker (Methylene bisacrylamide, Sigma Aldrich ) and 0.1 wt% of the photo-initiator (Irgacure, Sigma Aldrich), corresponding to a monomer-to-crosslinker weight ratio of 100:5. After shaking, we transfer the solution to a well plate (2 mL, VWR) and place it under a UV lamp (Vilber-Lourmat, model VL215.LC, 60W), distance of approximately 9 cm) for 1h, which results in the formation of a cross-linked PNIPAM gel network. The resulting hydrogels are cut into a few pieces, which constitute the individual samples we work with in all further experiments. These samples are then placed in deionized water and allowed to swell overnight. The equilibrium volume of each piece of hydrogel is determined by removing the individual sample from the water bath, removing any extra water from its surface, and weighing it on a balance. In calculating the sample volume from this weight, we assume the sample's density to be equal to that of water.
DSC measurements, are performed on single, millimeter-sized, pieces of hydrogel in different states of hydration. We prepare these samples by adding different amounts of deionized water to a single dried piece of hydrogel, which subsequently swells up to incorporate all added water. This swelling process takes up to 30s. In each series of measurements, we thus use a single piece of hydrogel to scan a range of different concentrations, from highly compressed to fully swollen. The thermodynamic responses are studied using a heat flux differential scanning calorimeter (Q2000, TA instruments). The temperature is increased from 10
• C to 55
• C at a rate of 0.125 • C/ min, in analogy to previous work on pNIPAM [19] . The temperature is held at 55
• C for 10 min. Subsequently, the sample is cooled down to 10
• C using the same rate. Again, the sample is held at this temperature for 10 min, after which the whole procedure is repeated once.
To test whether our heating rates ensure that the sample remains close to its equilibrium state at each temperature, we perform measurements also at 0.08 and 0.3
• C/min, (see the Supplemental Material [21] ). The results are indeed consistent with the 0.125
• C/min experiments, particularly when comparing the total area under the heat capacity peak, rather than its shape. It is important to note that, in our experiments, we are interested only in the total heat required to increase the sample's temperature from T 0 to T f , i.e. the area under the heat capacity peak.
Osmotic compression is a well-established method for characterizing the mechanical properties of hydrogel samples [20] . We employ it here for validation of our DSC method. In the osmotic compression method, changes in gel volume in response to an applied external osmotic pressure Π ext are measured, yielding the compressive modulus K of the gel [20, 22] . To perform such measurements, we place our hydrogel samples into dialysis tubes (VWR) and submerge them in dextran solutions (M w = 70 kg/mol, from Leuconostoc, Sigma-Aldrich), with concentrations ranging from 3.5 to 18 wt%, corresponding to osmotic pressures between 2.28 and 62.5 kPa [20, 23, 24] . We then allow the gels to equilibrate for a period of one week in the dextran solutions, after which their final equilibrium weight is measured. From these data, we extract the equilibrium volumes as a function of the applied osmotic pressure, V (Π ext ). Because the starting weight of PNIPAM is known, the volume can be calculated based on the density of water and the PNI-PAM polymer, which are 1 g/cm 3 and 1.1 g/cm 3 , respectively.
III. RESULTS AND DISCUSSION
Our method is based on the comparison of the heat required to cross the LCST, between a fully swollen hydrogel and a gel in a compressed state. Since the gel does not perform work on its environment during the DSC measurement, this heat is equal to the change in internal energy. As is illustrated in Fig. 1 , the difference in internal energy between two different states of swelling at a temperature T 0 can be obtained as the difference in heat required to thermally deswell both samples.
Performing these experiments for a range of swelling states provides the internal energy as a function of compression at the temperature T 0 , which we use to extract the mechanical properties of the gel at this temperature.
To compare data for gels of different water content, we first subtract the background contribution from the water. To do so, for each data, set we draw a line from the heat capacity value at T =20
• C to T =55
• C, which we refer to as the straight baseline. We subtract this baseline from the data, resulting in corrected heat capacity curves. By calculating the area under the corrected heat capacity data, the change in internal energy required to increase the temperature of the sample from its initial to its final temperature is determined, as shown in Fig. 1B . The data are further normalized by the sample dry weight so that the results for all samples can be directly compared (see the Supplemental Material [21] for more details).
We define the normalized change in internal energy of a fully swollen piece of hydrogel, upon heating from T 0 to T f , as ∆U V0→V f . As shown in Fig. 1 , such a gel also undergoes a volume change from V 0 to V f . Compressing a fully swollen gel piece from V 0 to V at constant temperature is associated with a change in internal energy ∆U T0 . Starting from this compressed state, heating the hydrogel from T 0 to T f is associated with a change in internal energy ∆U V →V f . In both cases, the initially fully swollen gel, at volume V 0 and temperature T 0 , reaches the same final state, volume V f at temperature T f ; therefore, we can write
In further analysis, we approximate the mechanical work required to compress the hydrogel at constant temperature as W DSC ≈ ∆U T0 , assuming that any heat flows that would occur during an isothermal compression are small compared to the total difference in internal energy between the compressed and uncompressed states. A similar assumption is commonly made in macroscopic mechanical tests, where temperature changes of the sample associated with compression are generally ignored. We also assume that the entropic contribution is relatively small because we cross-linked our hydrogels at a concentration close to the fully swollen state; entropic effects due to chain stretching are therefore not expected to play an important role. Under these assumptions, if we measure the difference between ∆U V0→V f and ∆U V →V f , for different compression states, we obtain a good estimate of the associate work W needed to compress the gel. This estimated work yields a direct measure of the material's compressive elastic modulus, K = −V ∂ 2 W ∂V 2 . Calculating K involves taking a double derivative; therefore, in order to avoid the amplification of experimental errors, we wish to describe the DSC data using a simple and continuous functional form. To arrive at a physically motivated expression, we take the integral of a pressure function, W = V V0 Π ext (Ṽ ) dṼ , where Π ext (V ) is the applied pressure as a function of volume V . To approximate this pressure function we follow the standard scaling arguments for the equilibrium swelling of gels [25] , equating the osmotic pressure difference between a semidilute polymer solution and the external pressure, Π ext (V ), with the elastic modulus of a gel as
FIG. 1: Extracting mechanical properties from calorimetry.
A) Schematic phase diagram of calorimetric measurements. Energies of ∆UV 0 →V f and ∆UV →V f , for the uncompressed and compressed state, respectively, are required to heat the sample from an initial temperature T0 to a final temperature T f . We assume that the energy difference ∆UT 0 is the work required to compress a particle from V0 to V at a constant temperature T0. Under this assumption, a measurement of ∆UT 0 thus constitutes a mechanical measurement of the compressive modulus. B) Typical corresponding calorimetry measurements. Excess heat capacity per gram of PNIPAM as a function of temperature for (lower curve) compressed and a (higher curve) fully swollen sample; a flat level of heat capacity, dominated by the background water, has been subtracted. We observe a clear peak around the LCST for both samples. The area under the curves corresponds to the excess energy required to heat the samples, per gram of PNIPAM. Indeed for the uncompressed sample, we find a higher area (\\-hatched) then for the compressed sample (//-hatched). The energy difference (the grey area) corresponds to the internal energy difference ∆UT 0 , which we approximate as the mechanical work WDSC required to compress the sample from V0 to V f .
Here, V /V 0 is the ratio between the compressed volume V and the fully swollen volume V 0 , the first term on the right-hand side denotes the osmotic pressure of a semidilute polymer solution, and the second term represents the elastic modulus according to rubber elasticity. We treat the prefactors as fitting parameters, and, because V = V 0 at Π ext = 0, the two prefactors must be identical, leaving a single fitting parameter β.
We obtain W by integrating the applied pressure Π ext over the volume as
where we have added the term 0.7β to comply with the boundary condition W = 0 at V = V 0 . Using DSC, we determined the difference in changes of internal energy (or the work W DSC ) for hydrogels of different dry weight and at different degrees of compression (V /V 0 ). Because the concentration of PNIPAM is known at every rehydration step, V and V 0 can be calculated based on the density of water and PNIPAM, 1.1 g/cm 3 and 1 g/cm 3 , respectively.
The experimental DSC results are plotted as red triangles in Fig. 2A and the corresponding fit to the experimental data is shown as a solid line. We see that the experimental data clearly follows the dominant powerlaw term with exponent −5/4 from Eq. (2), within most of the fitting range, as indicated by the dotted line. This agreement demonstrates that our choice for the functional form of Π ext is appropriate. Thus, in our approach, the compressive modulus K can be determined directly from W DSC , via a double derivative, as Fig. 2B as the solid line. In the swollen state, at V = V 0 , we obtain K ≈ 6.3 ± 1.43 kPa.
It is important to note that, in our experiments, we are interested only in the total energy required to heat the sample from T 0 to T f , i.e., the area under the heat capacity curve. Thus, as long as we compare experiments performed at the same heating rate, any rate-dependent smearing of the heat capacity peak would be relatively inconsequential. We show in the Supplemental Material [21] that, for heating rates of 0.08 and 0.3
• C/min, we indeed obtain a similar result as for the 0.125
• C/min experiments.
To verify our DSC-based method, we perform conventional osmotic compression experiments. By doing so, we can verify our chosen pressure function, the resulting energy function, and our assumption that W DSC ≈ ∆U T0 . The experimental results are plotted as open circles in Fig. 3 and the fit using Eq. (1) is depicted as the dashed line. The volume-dependent compressive modulus K(V ) can be determined from its definition,
, and, finally W osm can be determined by applying Eq. (2). The results are shown as the dashed lines in Fig. 2A and 2B . Using this approximation for the pressure function, we extract a compressive modulus as a function of V /V 0 . At the equilibrium volume, we obtain K(V 0 ) ≈ 4.6 ± 0.52 kPa, in good agreement with the K ≈ 6.3 ± 1.32 kPa value obtained via the DSC method. The uncertainties associated with both methods are estimated in a separate error analysis, included in the Supplemental Material [21] . The comparable results for W DSC and W osm clearly indicate that the two completely different experimental approaches lead to consistent results, thereby confirming the validity of our DSC-based approach and our assumption of W DSC ≈ ∆U T0 . The good agreement between the two measurements thus indicates that, for these materials, the mechanical work needed to compress a particle can be approximated by the difference in internal energy between the swollen and compressed states, neglecting any heat flows that occur during compression.
However, it is not obvious that this approximation is justified for all types of temperature-sensitive gel materials. The role of entropy is expected to be largest for gels that are cross-linked in the collapsed state, as swelling of such gels requires significant stretching of polymer chains. However, even in this case, enthalpic effects should play a major role and constitute a significant fraction of the free energy difference between the swollen and compressed states of the gel.
In our experiments, the gels were cross-linked at room temperature, at a concentration near the fully swollen state of the system. For this case, compressing the material results in much smaller changes in chain entropy, as the cross-linking points are brought closer together with respect to the equilibrium chain configuration, with no associated stretching of chains. Moreover, compression will result in a reduction of both the mixing entropy and the configurational chain entropy. As a result, for this case the DSC-based measurement in fact represents a lower bound on the compressive modulus. While we expect our approximation to be justified for various types of gels and other T -sensitive materials, its validity should be checked by comparison to separate mechanical measurements, as we do for the PNIPAM gels used here.
IV. CONCLUSIONS
In this paper, we perform calorimetric measurements on PNIPAM hydrogels at different levels of compression and show that the change in internal energy required to heat a sample at starting temperature T 0 to a final temperature T f above its LCST is lower than that for an uncompressed sample that undergoes the same heat treatment. The difference between these two changes in internal energy must be equal to the difference in internal energy between the initially compressed and the uncompressed states, respectively. We approximate this difference in internal energy as the work W required to compress the gels at a constant temperature T 0 , which in turn yields the compressive (bulk) modulus K. The most direct justification for the validity of this approximation is the good agreement we obtain between the conventional osmotic compression measurements and the DSC-based measurements, as shown in Fig. 2 .
To minimize the amplification of experimental errors introduced by the derivatives involved, we fit the DSC and osmotic compression data to a physically meaningful functional form and use this approximation to extract elastic moduli.
We note that to achieve accurate measurements of the compressive modulus, a series of DSC experiments across a significant range of concentrations is required. Moreover, the heating rate in the DSC experiment should be slow enough to give the gels sufficient time to remain close to their equilibrium state during (de)swelling. As a result, the measurements are relatively time consuming.
However, the sample preparation for the DSC experiments is straightforward and we expect the method to be applicable to a wide range of materials that exhibit a pronounced volume phase transition. Our results demonstrate that calorimetry can be a powerful technique to probe the mechanical properties of temperatureresponsive gels. Importantly, the method does not require the measurement of any stresses or pressures, as would be required in a traditional mechanical test. Our method can therefore be particularly useful for submicron and oddly shaped thermosensitive materials for which established methods are inadequate.
Future improvements to our approach, including a better understanding of the changes in the physical state of thermosensitive materials during heating, could enable detailed measurements of the compressive modulus as a function of temperature for a wide range of materials. We expect our approach to be immediately useful for the study of temperature-sensitive soft materials, such as those used in smart drug delivery systems, shapemorphing materials, and responsive soft actuators.
We thank Paul van der Schoot for the valuable discussions. Differential scanning calorimetry (DSC) measurements are performed on pNIPAM hydrogels prepared from rehydration of dried gels, as described in Section II. We study hydrogels from different batches, each with a different pNIPAM dry weight. All measurements are performed at a rate of 0.125
• C/min within a temperature range from T = 10-55
• C. The determined differential heat flux is converted to an apparent heat capacity C p (T ) through division by the imposed heating rate. The apparent heat capacity C p (T ) is plotted for gels prepared in different states of hydration in Fig.4 . The corresponding states of compression (in terms of the volume ratio V /V 0 ) and dry weights m pNIPAM are summarized in Table I .
In the temperature range of interest, the heat capacity of water is featureless, and since gels at different degrees of hydration contain different amounts of water, the total measured apparent heat capacity will be shifted along the y-axis, as observed in Fig.4 .
Thus, to compare data for gels of different water content, we subtract this contribution of to the background water. To do so, for each data set we draw a straight line from heat the capacity value at T =20
• C to that at T =55
• C; we refer to this line as the straight baseline. We subtract this baseline from the data, the result is show in Fig. 5 .
Moreover, to account for the variation in the pNIPAM dry weight, we calculate the specific heat capacity, c * p (T ), by normalizing the C * p (T ) measured for each sample with its dry weight. The resultant specific apparent heat capacities c * p (T ) are plotted in Fig.6 , where the uppermost data represents the fully swollen hydrogel and the area under this curve is ∆U V0→V f . By subtracting the data obtained for each degree of hydration (compression) from the data for the fully swollen state, we obtain ∆U T0 , the difference in internal energy between the swollen state (T 0 , V 0 ) and the compressed state (T 0 , V ).
To extract the elastic properties of the sample from these data, we then approximate W dsc ≈ ∆U T0 , where W dsc is the mechanical work that would be required for the isothermal compression of a particle at temperature T 0 from an initial volume V 0 to a compressed volume V . From this mechanical work W dsc as a function of V the compressive modulus of the gels can be determined directly, as discussed in more detail in the main manuscript. where Π is the osmotic pressure, which we assume follows the functional form
The associated relative error in the modulus can thus be estimated as
If for the purposes of this error analysis we only consider the dominant term (V −9/4 ) this results in
Assuming a relative error for the volume of ∆V /V =0.05, we obtain for the modulus a relative error of ∆K K ≈ 11.25%. As a result, at V /V 0 = 1 we obtain K = 4.6 ± 0.52 kPa for the osmotic compression experiment.
DSC experiment
We calculate the compressive modulus based on the DSC experiments as
With W being
the relative error we make in this is
If for the purposes of this error analysis we only consider the dominant term (V ≈ 31.25%. Therefore at V /V 0 = 1 we obtain K = 6.3 ± 1.43 kPa from the DSC experiment. Including these errors, the values of K dsc = 6.3 ± 1.43 and K osm = 4.6 ± 0.52 overlap, thus indicating a validation of our DSC-based approach by conventional osmotic compression measurements.
Temperature T [ 
